Some of the relationships between metabolism, membrane potentials and contractility in cardiac tissue have emerged from a study of the effects of anoxia, depletion of substrate and dinitrophenol on the rat atrium. The repolarization phase of the action potential was shown to be particularly sensitive to disturbances in metabolism. Depression of metabolism resulted in a more rapid repolarization, which may provisionally be interpreted as an acceleration of K + efflux; restoration of metabolism reversed this effect. A concept relating membrane potentials and metabolism is presented, involving the presence of bound ATP within the membrane. C ERTAIN effects of anoxia on the electric characteristics of the mammalian ventricle in situ were noted by the use of contact electrodes' and a detailed study with intracellular microelectrodes has been reported on papillary muscle and Purkinje tissue.
Some of the relationships between metabolism, membrane potentials and contractility in cardiac tissue have emerged from a study of the effects of anoxia, depletion of substrate and dinitrophenol on the rat atrium. The repolarization phase of the action potential was shown to be particularly sensitive to disturbances in metabolism. Depression of metabolism resulted in a more rapid repolarization, which may provisionally be interpreted as an acceleration of K + efflux; restoration of metabolism reversed this effect. A concept relating membrane potentials and metabolism is presented, involving the presence of bound ATP within the membrane. C ERTAIN effects of anoxia on the electric characteristics of the mammalian ventricle in situ were noted by the use of contact electrodes' and a detailed study with intracellular microelectrodes has been reported on papillary muscle and Purkinje tissue. 1 However, no quantitative investigation has been made of the changes in membrane potentials and contractility of atrial tissue under anoxic conditions or during disturbance of the metabolism by other means. The metabolism of a tissue may be most readily altered by removal of oxygen, removal of oxidizable substrate or by interference with any enzymatic step in the transfer of energy from substrate to the contractile process; all of these methods have been utilized in the present study.
METHODS
The membrane potentials and mechanical activity of rat atria electrically stimulated at a rate of 200/ min. in Krebs-Ringer-biearbonate medium at pH 7.4 and 30 C. were determined simultaneously using microelectrodes and a sensitive strain gage as previously described.' A state of anoxia was produced by replacing the usual 95 per cent 0;, 5 per cent COj mixture with 95 per cent Nj, 5 per cent CO 5 . Solutions to be added were prepared in the tissue medium, adjusted to pH 7.4, brought to 30 C. and saturated with the gas mixture.
RESULTS

Effects of Anoxia.
Slight depression of contractile activity was noted within 1 to 2 min. following replacement of O> with Nj and the decrease in developed tension proceeded until complete failure occurred between 15 and 20 min. Table 1 shows the changes in the atrial characteristics at 3 levels of depression and it is evident that these changes are progressive. The resting potential was quite stable and the small decreases noted may not be significant; indeed, in 2 preparations brought to complete failure there was no change in resting potential (60.6G mv. in completely failed atria compared to 60.57 mv. initially). The action potential, however, fell from the beginning of the anoxic period and in severe depression the overshoot was abolished, the action potential being definitely less than the resting potential. The duration and area of the action potential simultaneously decreased parallel to the contractile depression, as previously described for papillary and Purkinje tissue.
2 No marked asymmetry in the contraction was induced by anoxia as indicated by the similar changes in both rise time and total duration of the contraction. The conduction rate was markedly slowed from the beginning and the latent period prolonged.
Recovery from anoxia was almost complete and manifested in all the characteristics as WEBB AND HOLLANDER bachol, due perhaps to the decreased activity during the anoxic period. Cocaine in low concentrations (0.008 mil) that had no definite effect on the contractility reduced both resting and action potentials 10 to 15 per cent but slowed repolarization so that the duration of the action potential was increased. In the presence of cocaine, anoxia produced the characteristic decreases in tension and duration of the action potential and failure was not delayed. Higher concentrations of cocaine produced such progressively increasing depression of the atrium that subsequent anoxic effects could not be adequately followed; however, there was some evidence that cocaine could antagonize the shortening of the action potential brought about by anoxia without preventing contractile failure. Thus the delay in anoxic depolarization and K + -loss in nerve induced by cocaine 4 may have a counterpart in the effects on ion transfer in atrial tissue.
Effects oj Substrate Depletion. Rat atria were allowed to contract in the absence of glucose in the medium and evidence of contractile depression due to depletion of endogenous substrate was observed after 20 to 40 min. This depression progressed, but activity was still present after 5 to 6 hours. The changes in the atrial characteristics at 100 min. and 200 min. are given in table 2. It may be noted that no marked changes in resting or action potential magnitudes occurred at a time when the developed tension was reduced 40 per cent, but as contractile depression progressed some small potential decrease was noted. The duration of the action potential decreased, but not to the axtent observed in anoxia. The slight increase in rate of conduction and the shortened latent period are in the opposite direction to the changes induced by anoxia. The effects of depletion could be obtained more rapidly when the atria were driven to contract at higher frequencies or the contractile tension stimulated by epinephrine.
Effects oj Various Substrates on the SubstrateDepleted Atria. Atria allowed to become depleted of substrate so that their contractile activities were reduced 65 to 70 per cent could be restored to different degrees by various substrates. As atria became progressively de-pressed during substrate depletion, the degree of possible recovery diminished, indicating that over these longer periods irreversible damage to the tissue was proceeding; if 90 to 95 per cent depression was produced, relatively little recovery occurred on addition of substrate. Both glucose and pyruvate were capable of restoring atrial function, and to approximately equivalent levels (tables 2 and 3). The response to these substrates was rapid as shown in figure 1. The membrane potential characteristics were restored towards normal simultaneously with the improvement in contraction; however, no reversal of the small change in conduction rate could be observed. Glucose was somewhat more efficient in restoring atrial activity than was pyruvate; if pyruvate was added following glucose, no further change was noted, but if glucose was added after pyruvate, an additional stimulation was seen. Neither aketoglutarate, glutamate nor succinate showed any ability at 2 mM to restore atrial activity.
Immediate Effects of Glucose. In the substrate-depletion experiments it was noted that removal of glucose from the medium produced small immediate changes in the atrial behavior and no further changes occurred until subsequent depletion of endogenous substrate. Experiments were designed to determine accurately these immediate alterations. The normal glucose-containing medium, in which the atria had equilibrated, was replaced with glucosefree medium for 10 min., glucose-medium then added for 10 min., followed by glucose-free medium and four such alterations were made, approximately 15 penetrations being made during each interval after allowing 5 min. for equilibration after changing media. The averaged results of 3 such experiments are given in table 3 and they do show a small but definite effect of glucose, presumably unrelated to depletion of endogenous substrate, since at the termination of these experiments the atria did not show anj' marked alterations from their initial activity. Although the changes are small, they are believed to be significant for two reasons; each change occurred quite consistently in each of the 3 experiments and within each experiment there was always an alternation of the values between high and low levels as the media were changed. An osmotic effect at a concentration as low as 5.5 mM would not be expected, but an identical set of experiments with sucrose was run to test this point (table 3) . Since sucrose cannot be used metabolically by the rat atrium, the preparations throughout the experiments progressively declined and only by a large number of alternations between sucrose-free and sucrose media could this drift be eliminated in the results. None of the changes produced by sucrose were significant and no consistent deviations were seen in the 3 experiments. It is evident that the effects observed with glucose were not osmotic.
Immediate Effects of Pyruvate and Cycle In-
termediates. The rapid effects on the atria produced by glucose prompted an investigation of other substrates acting on normal atria contracting in the presence of glucose. Depression of atrial activity was recorded with most substrates 5 and it was suggested, without evidence, that the action might be due to an effect on the membrane. Furthermore, it has been suggested 6 that active ion transport in the membrane may involve oriented electron-transport systems, such as operate in the oxidation of the cycle substrates and intermediates; if such do occur within the membrane, it might be possible to alter ion transport and, hence, the potential characteristics by supplying readily oxidized substrates. Pyruvate, isocitrate, aketoglutarate, succinate, fumarate and malate at a concentration of 2 mM were investigated in the same manner as glucose above by alternating periods when the particular substrate was present and absent, and minor, although consistent, changes were found. Since all these substrates acted in essentially the same manner, to conserve space and present the data simply, the results with all the substrates are averaged together and presented in table 4. A +7.0 +21.2 low concentration of substrate was used to eliminate any possible action of the Na+ ion. It has been shown, and will be reported in detail later, that no demonstrable effect of Xa + can be detected on rat atria at concentrations below 5 mM. It may be noted that the effects of these substrates were quite different from those with glucose.
Effects of 2, 4-dinitroj>henol. The effects of this uncoupler of oxidative-phosphorylation on the rat atrium are especially interesting and pertinent to the present study. A concentration of 0.03 mM is sufficient to produce complete contractile failure within 15 to 20 min. The effects at this concentration on the atrial characteristics during the period of depressed activity are presented in table 4. The behavior was followed after cessation of contractions in 2 experiments and it was found that even at this time the resting potential was scarcely affected ( -4.9 per cent), while the action potential and its duration were further reduced (-10.2 per cent and -49 per cent respectively) and the rate of conduction further slowed ( -52 per cent). Complete recovery in all respects was observed within a few minutes following removal of the DNP. The presence of adenosine triphosphate (I mM) did not counteract the depressant action of DNP, confirming results on turtle ventricle. 7 The effect of DNP on the oxygen uptake of rat heart mitochondria oxidizing pyruvate is shown in figure 2, to compare with the results on the atrium. It is probable that the concentration of the active DNP~ anion within the atrial cells is less than in the medium; if an internal pH of 6.8 is taken and it is assumed that only the undissociated DNP molecules can penetrate into the cells, the intracellular concentration of DNP would be approximately 0.007 mM at the external total concentration of 0.03 mM used. If these assumptions are valid, it is seen that a concentration of DNP that inhibits mitochondrial oxygen uptake 25 per cent, and presumably is inhibiting phosphorylation almost completely, produced marked alterations in atrial function and membrane behavior.
DISCUSSION
The moderate reduction and marked shortening of the action potential produced by anoxia in rat atria confirm earlier qualitative results on mammalian ventricles in situ 1 and recent work with microelectrodes in papillary and Purkinje tissue.
2 The shortening is due to an accelerated membrane repolarization; that the depression of the action potential is due to this earlier and more rapid repolarization is unlikely inasmuch as acetylcholine does not reduce the potential despite a marked shortening of the potential.
10 Anoxia induces K + -loss and Na+-uptake in rat ventricle and this exchange is further increased by stimulation. 8 The stability of the atrial resting potential is probably due to the short periods required for the atria to fail, insufficient K+ having been lost from the cells to alter the resting potential although the Na + extrusion process may have been abolished. Decline in cat papillary contractility has been attributed to the fall in ATP brought about by anoxia; 9 6 min. in N 2 reduced contractile force 68 per cent, ATP 56 per cent and creatine phosphate 88 per cent. Reduction of these high-energy substances is likely in anoxic rat atria.
That the effects of anoxia may be related to ATP levels is indicated by the results with DNP. The changes in atrial characteristics induced by anoxia and DNP are almost identical. It is probable that the major effect of DNP at the concentration used is inhibition of oxidative phosphorylation with fall in ATP. It is interesting that nerve and skeletal muscle ex-hibit different electric responses to anoxia and D N P compared with cardiac muscle. The action potential of mammalian muscle is reduced by anoxia, as in atrial tissue, but the duration of the action potential is prolonged, both depolarization and repolarization rates being markedly slowed." In squid axons D X P reduced N a + extrusion and uptake of K+, but altered K + efflux relatively little; simultaneously, the resting and action potentials were not markedly altered, indicating that these potentials and conduction are not immediately dependent on metabolic energy.
12 If repolarization of the atrial membrane following the action spike involves efflux of K + , as is generally assumed in nerve, it is evident from the present results that this is markedly affected by anoxia and D N P in the sense that K+ efflux is accelerated. In the atrium, repolarization is the most sensitive to metabolic disturbance and ATP levels, the resting potential being unaffected during severe contractile depression.
The effects of substrate depletion are different in several points from those of anoxia and D X P ; for example, the resting potential is more depressed, the action potential duration less shortened for comparable mechanical depression, the conduction rate scarcely altered and the latent period decreased instead of increased. Furthermore, irreversible changes occurred so that recovery was only partial whereas recovery from anoxia and D X P was essentially complete. Part of these differences may have been due to the much longer time required for the depletion of substrate with opportunity for secondary changes. The dependence of the action potential and repolarization on metabolism is further indicated by the effects of glucose and pyruvate on the depleted atrium, repolarization being slowed by both to approximately the original level and the action potential restored. The residual contractile depression may be indicative of the extent of a direct effect on the contractile process by depletion.
A general correlation between contractility and the duration of the action potential has been demonstrated in this study and previous reports.
3 ' 10 At the present time it is impossible +2.0 to say if this is a causal or coincidental relationship. The fact that anoxia can reduce the contractility without appreciable decrease in action potential duration, when carbachol is present and the duration already markedly reduced, would indicate that at least part of the anoxia effect on contraction is not mediated through changes in repolarization rate. If it is assumed provisionally that acetylcholine exerts its depressant action entirely by increasing repolarization rate, and that the initial tension on the atrium acts directly on the contractile processes only, 3 these actions may be used as standards whereby other effects of a mixed nature may be evaluated. Thus anoxia and DXP would seem to act mainly through changes in membrane behavior and to some extent directly on contraction, whereas substrate depletion would effect contraction principally with contributions from the reduction of the action potential and its duration. Further work with other inhibitors may be able to place such an hypothesis on a firmer basis.
Some correlation between changes in conduction rate and membrane potentials might be expected, but a survey of the results in table 5, where present and previous data 3 ' 10 are collected, fails to show any. This does not imply that potential changes cannot alter conduction rate, but emphasizes that apparently more important factors are involved. It would be interesting to determine how far the action potential must be reduced before conduction fails; from the results with anoxia it may lie stated that conduction can at least occur when the action potential has been reduced to 12 mv. below the resting potential. A clue to one important factor in conduction rate may lie in the correlation between conduction rate and latent period; certainly the increase in latency is roughly parallel to the reduction in rate of conduction. If a part of the latent period is attributed to retardation in membrane response, this could account for a slowing of conduction.
One of the basic problems in atrial tissue is how metabolic depression accelerates the sudden K + efflux subsequent to depolarization. The normal rise in permeability to K + at this time is increased, but there is no obvious change in the permeability of the resting membrane. The normal increase in the K+ conductance is probably due to the depolarization brought about by the inflow of Na + . If such is the case, the K + efflux rate must be governed by diffusion and the permeability properties of the membrane, rather than by any active process. A moderate increase in permeability to K + , brought about by metabolic depression, would not necessarily lead to a marked rise in K+ efflux through the resting membrane, since the electric restraint on diffusion is dominant; however, once depolarization occurred, such a permeability change would be observed as a more rapid repolarization. The binding of ATP to actomyosin is known to alter the physical and structural properties of this complex protein; is it passible that the binding of ATP to proteins within the membrane can influence the properties of the membrane and hence the permeability? Anoxia and DNP both reduce ATP levels throughout tissues. If ATP within the membrane was reduced-which might be done relatively rapidly because the concentration there may be low-either the structure of the membrane or the diffusion of ions within the membrane pores could be altered, due perhaps to the decreased negative charge on the membrane components. It is not unlikely that the presence of negatively charged ATP molecules within the membrane could impede the diffusion of the positive K + ions. In such a general concept, one may explain the acceleration of K + efflux not only by metabolic depression but by acetylcholine, since the binding of this positively charged molecule to specific groups in the membrane might also, by the same mechanism, facilitate K + diffusion. The result of alteration of such fixed charge groups within the membrane in any particular tissue would depend on the spatial arrangement of these groups. At the synaptic junction or the end-plate, acetylcholine accelerates Na + influx with consequent depolarization and initiation of a conducted impulse. The effects of DXP and acetylcholine would not necessarily be identical since the acetylcholine binding sites may be different from the regions of ATP binding, thus differential effects might be produced on ion permeability.
The difficult question as to whether there may be oxidative systems within the membranes for generation of ATP must remain unanswered, but the immediate effects of various substrates on the membrane are provocative. If electron transport in the membrane is involved in ion movements, the addition of easily oxidized substrates might be expected to produce some change in the electric behavior of the membrane. Small changes were indeed produced but of a nature that makes interpretation at the present time impossible. Particularly interesting are the opposite effects of glucose and the cycle substrates on the normal atrium, indicative of ATP-independent mechanisms.
SUMMARY
Depression of atrial metabolism by anoxia, depletion of substrate and dinitrophenol, produced a reduction in contractility associated with characteristic changes in the electric properties of the cell membranes. The most marked result was a shortening of the action potential due to a more rapid repolarization rate. The changes in conduction rate were generally independent of the potential changes but were related to the increased latent period induced by the metabolic depression. All of these effects were mainly or completely reversible; especially interesting were the restoration of the action potential and the slowing of the repolarization phase by glucose and pyruvate in the depleted atrium. The immediate effects of various substrates on the atria were also investigated.
Evidence is presented that changes in contractility may be brought about by action either on the membrane or directly on the contractile process, but in most instances, as in the metabolic disturbances reported, it is a variable combination of the two effects.
The mechanism by which acetylcholine and metabolic depression accelerate repolarization is discussed in terms of negative fixed charges and ATP bound within the membrane as factors controlling ionic diffusion rates.
SUMMARIO IN INTERLIXGUA
Depression del metabolismo atrial, effectuate per anoxia, depletion de substrato, e dinitrophenol, produceva un reduction de contractilitate associate con alteration characteristic in le proprietates electric del membranas cellular. Le plus marcate resultato esseva un reduction del duration del potential de action, causate per un acceleration del repolarisation. Le alterationes del conduction esseva generalmente independente del alterationes del potential sed esseva relationate al augmento del periodo latente inducite per le depression metabolic. Omne iste effectos esseva in grande mesura o completemente revertibile. De interesse special esseva le restauration del potential de action e le relentation del phase de repolarisation sub le influentia de glucosa e pyruvato in le atrio deplete. Le effectos immediate de varie substratos super le atrios esseva etiam investigate.
Es presentate datos que prova que alterationes de contractilitate pote esser effectuate per actiones afficiente le membrana o directemente lc processo contractile. Sed in le majoritate del casos, como in le hie reportate disturbationes metabolic, il se tracta de un combination variabile del duo effectos.
Le mechanismo per que acetylcholina e depression metabolic accelera le repolarisation es discutite. Negative cargas fixe e ATP ligate intra le membrana es presentate como factores de signification in le determination del rapiditate del diffusion ionic.
